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ARTICLE INFO ABSTRACT
Keywords: A novel micro-mixing micro-combustor was developed and the flame stabilization characteristics were investi-
Micro-combustion gated numerically. The Combustor exhibited excellent lean stability limits, with stability limits increasing as the

Stability limit

v fuel-air mixture became leaner. Stability limits achieved for the equivalence ratios 1.0, 0.8 and 0.6 were 8 m/s,
ydrogen

Micro-mixing 1.4 Tn/s and .16 m/s respectively (although the .exact blox./v-off limit for each case is expected to be higher). The

Partially premixed limits are higher than those reported in previous studies on hydrogen fueled combustors. As the Reynolds

Lift-off number exceeded 500, simulations above 6 m/s were performed using a turbulent model to account for the
transition to turbulence. An all-new criterion to predict the flame stabilization was suggested by specifying the
range of local equivalence ratio at central slot interface (Qinter) as 7 < @inter < 21 (cold flow) for both laminar and
turbulent regimes when 0.6 < ¢g < 1.0. The uniformity of wall temperature demonstrated significant
improvement at lean equivalence ratios in both the laminar and turbulent regimes, which is crucial for practical
applications such as thermoelectric generators (TEGs) and similar systems. Furthermore, the introduction of
micro-mixing resulted in the transformation of the diffusion flame into a partially premixed flame. The under-
lying mechanisms driving this transformation in flame structure were analyzed and discussed in detail.
Regarding the enhancement of stability limits, the firing rates of existing combustors were compared with the
that of the present combustor and the results revealed a significant 28 % hike at the lift-off condition, which
would be even higher when the exact blow-off limits are determined.

stability range owing to its high laminar burning velocity. While the
availability of fuel is an advantage on the implementation of hydrogen
as fuel, the storage and transportation of hydrogen poses as a hurdle.
Nevertheless, even this hindrance is overcome to a great instant by the
introduction of innovative technologies [9].

However, results obtained from various researches with different
fuels are compared in this section. Raghavan et al [10] numerically
analyzed the effect of position of a deflector along with a centrally
slotted bluff body in a quartz micro-combustor with hydrogen as fuel.
The study revealed that the average combustion efficiency and exhaust
gas temperature were considerably improved. In addition, the flame tip
opening phenomenon was mitigated. The best performance was ach-
ieved when the deflector was placed midway of the combustor. Cai et al
[11] experimentally investigated the dynamics of premixed flames for
ultra-lean mixtures using CHy4 as fuel. For higher Reynolds numbers (Re)

1. Introduction

The requirement of reliable and long-lasting miniaturized power
generators has been the need of this era, which subsequently leads to the
replacement of chemical batteries with micro-combustors that work
with fuels such as hydrocarbons [1], ammonia [2-5], hydrogen [6-8]
etc. However, there are several challenges to be overcome in the process
of designing such a combustion based micro-device. The major factors
which affect the stable performance of a micro-combustor includes the
type of fuel, type of combustion, combustor geometry, wall material,
nature of application etc. Although these fuels possess substantially
higher energy density compared to conventional batteries, hydrogen is
widely recognized as the most prominent candidate for not only its zero
emission properties but also for its high energy density and large
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Nomenclature

MEMS  Micro-electro mechanical systems
Phi Equivalence ratio

TPV Thermo-photo voltaic

TEG Thermo-electric generator

PPF Partially Premixed Flame

Wy Combustor wall thickness, mm
H; Bluff body central slot thickness, mm
Hp Combustor height, mm

H, Air inlet port height, mm

Lo Combustor length, mm

Ly Bluff body length, mm

W, Bluff body thickness, mm

W Bluff body tip thickness, mm

Ls Width of micro-mixing slot, mm
K, Knudsen number

Re Reynolds number

p Density of fluid, kg/m®

Ne Combustion efficiency, %

u Velocity component, m/s

P Gas pressure, Pa

ke Thermal conductivity of the fluid, W/m-K
h; Enthalpy of j™ species, J/kg

h Natural heat transfer coefficient, W/m"2-K
Tw Outer wall temperature, K

Teo Ambient temperature, K

Pg Global equivalence ratio

Vair Inlet air velocity, m/s

D ier Equivalence ratio at the central slot interface
Z Mixture fraction

Zstoic Stoichiometric mixture fraction

HRR Heat Release Rate, W/m>

NPF Non-Premixed Flame

PPF Partially-Premixed Flame

MM micro-mixing

and higher equivalence ratios (® = 0.8 and 1.0), the wall temperature
was also found to be higher. Combustion efficiency, however, was lower
at a low equivalence ratio (® = 0.6). Devi et al. [12] numerically studied
the effect of vortex generator location on combustion efficiency in a Ha-
air planar combustor. They observed that the highest combustion tem-
perature and heat of reaction occurred when the vortex generator was
placed near the inlet. George et al [13,14] deduced that the bluffer the
body becomes, the periodic vortex shredding increases and more mixing
occurs. Sankar et al. [15] provided a comprehensive review on the
implementation of liquid fuels in micro- and meso-scale combustion.
Tang et al [16] conducted a comparative study experimentally on
combustion characteristics of methane, propane and hydrogen in a
micro-planar combustor and observed a wider flame stability range for
hydrogen-air mixture. Moreover, the minimum flammable channel
height for each fuel was observed to be 1 mm, 2 mm and 2.5 mm for
hydrogen, propane and methane respectively. So, ultimately in terms of
several variables regarding fuel type, hydrogen qualifies as the best
choice over other fuels for its high laminar burning velocity, zero
emission, availability and low quenching distance.

Considering the next parameter combustor design, several geomet-
rical modifications are adopted to extend the stability limits. The various
modifications to the combustor geometry include bluff bodies [17],
cavities [18], deflectors [10], catalytic surfaces [19], porous media
[20,21], trapezoidal ribs [22], nozzles [23], double-channel counter-
flow configurations [24], and Swiss-roll designs [25] etc. Among which
centrally slotted bluff body demonstrates better stabilization by facili-
tating the formation of diffusion flames. As He et al [26] reported, the
blow-off limit of hydrogen was enhanced to 792 cm®/s by using a cen-
trally slotted bluff body. Raghavan et al [27] was able to stabilize
hydrogen-air flames to a firing rate of 420 cm®/s and analyzed the effect
of central slot width. Li et al [28] reported a blow-off limit of 34 m/s for
hydrogen using a centrally slotted bluff body for a blockage ratio of 0.55.
Another important parameter is the selection of wall material. The as-
pects to be considered include the capacity to withstand high tempera-
ture, good thermal conductivity, ease of fabrication and excellent
corrosion resistance. Since stainless steel satisfies all these requirements
[29-31] it is chosen as the combustor wall material.

Apart from factors such as type of fuel, geometric modifications and
wall material, another key parameter or rather the most important is the
nature of combustion. combustion is classified as premixed [11,32,33],
diffusion [25,34,35] and partially-premixed combustion [1,36-38].
Wan et al [39] experimentally and numerically investigated the com-
bustion characteristics of Hy-air micro-combustor with a bluff body and

the results showed that the blow off limit is extended significantly by the
introduction of bluff body at lower equivalence ratios. Wan et al [40]
also proposed a double layer micro-disc-combustor with annular step
and Swiss-roll structure and conducted experimental investigation on
flame dynamics. The results revealed that as Re decreases, blow-off limit
increases first and then decreases. Additionally, the average temperature
and heat transfer of upper wall decrease linearly with the decrease in Re.
However premixed combustion has limitations, such as flashback and
low stability limits [41], which can be prevailed over by diffusion
combustion, where fuel and oxidizer are supplied separately into the
micro-combustor and get mixed and then burned. Nevertheless, proper
mixing is essential for diffusion combustion, which can be achieved by
using a combustor that is sufficiently long or geometrically modified
(enhanced mixing). Micro mixing is a method that enables partially
premixed combustion rather than diffusion combustion in large scale
combustion, since a small amount of oxidizer is allowed to get mixed
with fuel before their actual mixing occurs. The micro-mixing combustor
prototype exhibits superior combustion performance at the rated fuel
temperature of 473 K, as demonstrated by the research [42] in the
revised manuscript. This includes an outlet temperature distribution
factor of 6.56 %, a combustion efficiency of 99.99 %, and a NO emission
of 4.70 pL/L at 15 % O». According to the research source [43], micro-
mixing provides exceptional stability, enabling the reduction of the
oxygen-fuel (OF) ratio to 21 % (by volume) without the need for
hydrogen (Hj) enrichment. It is clear that MM combustion with Hj
enrichment is a suggested technique for gas turbines that require vari-
able fuel/oxidizer combustion with controlled emissions. The three-
dimensional cold flow field of a unique Micro-mix model burner,
which is based on numerous confluent parallel round jets, was studied
experimentally and numerically by Liu et al. [44]. Between D = 3d,
4167 < Red < 20,878, the flow field at the Micro-mix burner’s exit is
independent of the Reynolds number. The potential energy core affects
the velocity in the area where the jets converge, and jet deformation
occurs beyond this convergence zone. The RANS results can be matched
with the experimental results in a good trend.

The literature analyzed, motivated to incorporate micro-mixing in
micro-combustor and investigate the flame stabilization characteristics
of hydrogen. To the authors’ knowledge, having the methodology of
micro-mixing is not yet implemented in micro scale combustors, the
research becomes a novel one. Additionally considering the trans-
formation of flame structure from diffusion to partially premixed is not
only expected to change the flame structure but also to improve the
stability limits. Moreover, as suggested by the literature, numerous
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studies have been conducted to increase the stability limits by modifying
geometry as well as introducing fuel blends. This study attempts to
develop a novel micro-mixing combustor design that incorporates
micro-mixing to enhance the stability limits of hydrogen combustion,
which also eliminates the possibility of flashback. To realize this, nu-
merical investigation is conducted to analyze the flame dynamics and
stability of hydrogen. The combustion system investigated features a
centrally slotted bluff body micro-combustor, combined with a micro-
mixing slot, designed to improve mixing and flame stability.

2. Numerical methodology
1.1. Combustor model

While determining the combustor dimensions, most of these litera-
tures used a combustor height of 1 or 1.1 mm, but the authors were eager
to investigate the flame stabilization of slightly higher dimensions, so
that the combustor can be conveniently and precisely fabricated. So, the
combustor height was chosen as 4 mm and all the other dimensions were
chosen in such a way that accurate fabrication is possible. The schematic
model of the combustor with a centrally slotted bluff body incorporating
a micro-mixing slot is illustrated in Fig. 1 (i). The total length (Lo) of the
combustor is taken as 80 mm with a height (Ho) of 4 mm. Hydrogen is
supplied through the central slot of bluff body of height (H;) 1 mm,
whereas air is supplied through the upper and lower ports of the same
height. The length (L;) of the bluff body is 10 mm. The thickness of bluff
body and the combustor walls (Hy) is 0.5 mm. A micro-mixing slot with a
width of 0.6 mm (L3) is incorporated in the bluff body at a distance (Ly)
of 5.4 mm away from the tip. The micro-mixing slot angle (6) is set to
45",

2.2. Mathematical model

Flow is considered continuous as the Knudsen number (Kn) was
found to be significantly lower than the crucial value of 0.01 (Kn = 32.5
x 10 for the present work). Laminar flow was considered when the
maximum Reynolds number (Re) was below 500, while a turbulent
model was used for values when Re > 500 [45-47]. As reported by Wang
et al. [48], Li et al. [28] and others, a two-dimensional model should be
used instead of a three-dimensional model when the aspect ratio exceeds
nine, as the difference in results become negligible. In the present study,
the combustor width (50 mm) is significantly greater than its height (4
mm). Therefore, a 2-D model was chosen for the current investigation in

Rl - 2

L3

H1
- -

LO

Velocity inlet

@

Combustor wall (Mixed boundary)
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order to reduce the computing effort without compromising the accu-
racy of the results.

Governing equations are as given below:

Continuity equation:

V.(pu')=0 )}

Momentum equation:

p(W. VW) = — vnv.(;{v? +(vu)' - % V. ﬁ’l}) )

Energy equation in fluid:

V.U (pE +P) = V. {kf VT - (Zhﬁ{) +5 ®3)
J

Energy equation in solid:

V.(Wph) = V.[k, VT] 4

Species transport equation:

V. (pTY;) = V.J + (5)

Diffusion flux, Jj
Molecular diffusion
—pDr ;3L = Thermal diffusion

= pDi;VY; —pDr, ST where —pD;;VY;

p is the density of the fluid, U is the velocity component, k¢ and k are
the thermal conductivity of the fluid and solid, P is the gas pressure, E; is

the fluid energy and Sy is the source term. h; and 7; are enthalpy and
diffusion flux of j™ species. Dy j and Dy are the thermal diffusion coef-
ficient and multi component mass diffusion coefficient for the species ‘i
into j° calculated from Maxwell-Stefan equations [49].

2.3. Numerical framework

Selection of material for the combustor and bluff body walls is the
first variable in present numerical setup, for which stainless steel was
chosen for its several properties such as high strength, corrosion resis-
tance, ability to withstand high temperatures, ease of fabrication etc.
Next the reaction mechanism by Keromnes et al [50] (10 species and 29
reactions) was adopted in the present numerical methodology as it was
well refined and tested for low, moderate and extreme conditions like

H2

Pressure inlet

(ii)

Fig. 1. (i) 3-D Sectional view of the micro-combustor model (ii) Combustor boundary conditions.
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high pressure (1 — 70 bar) and high temperature (900 — 2500 K).
Furthermore, the boundary conditions are specified as displayed in
Table 1.

Heat transfer from outer wall to surroundings was calculated by Eq.:

q' =h(Ty = Ta) + £40((Tw)* = (Tw)") ©

where h denotes the natural convection heat transfer coefficient (20 W/
(m2K)) [17]; Ty, T represent outer wall and ambient temperatures
respectively. ,, represents the emissivity of material (0.6) [51] and o is
the Stephan-Boltzman constant (5.67 x 108w/ (mz.K4)).

The software FLUENT 2023R1 was used to conduct numerical sim-
ulations. The second order upwind approach was used to discretize the
continuity, momentum, energy, and species equations, and the “SIM-
PLE” algorithm was employed to handle the pressure-velocity coupling.
The ideal gas law was used to compute the density of the gaseous
mixture. Stiff chemical solver was used to increase iteration conver-
gence. When the residuals of all governing equations were less than or
equal to 10°%, numerical simulations were deemed to have converged. To
start the combustion, a temperature field of 2400 K was set up down-
stream of the bluff body where a combustible mixture is expected to be
present. As the Reynold’s number was calculated to be less than 500 (Re
= 496.26 at V,i; = 6 m/s), laminar model was considered and when it
crossed 500 (Re = 744.38 at V,; = 8 m/s), turbulent model was
considered [45]. To accommodate the turbulent flow characteristics,
realizable K-e model [52,53] was adopted.

2.4. Mesh independence and validation

To analyze the computational efficiency and accuracy, the geometric
model was divided into structured grid systems with three different cell
sizes (a) Ax = Ay = 0.025 mm, (b) Ax = Ay = 0.0125 mm and (c) Ax =
Ay = 0.00625 mm. Simulations were performed for V,;; = 2 m/s and
stoichiometric global equivalence ratio for these three grid systems and
the results were compared as shown in Fig. 2. The temperature along the
axial centerline of the combustor is considered to represent the flame
temperature, while the mole fraction of OH species defines the flame
zone. As the results exhibit similar characteristic, the grid system (a) Ax
= Ay = 0.025 mm was selected to reduce computational efforts without
compromising the accuracy.

The experimental validation of the present model is impossible due
to the novelty of the model. Moreover, experimental researches on
combustor with slotted bluff body is not reported yet. Hence the authors
have chosen the experimental investigation of a combustor with bluff
body and performed numerical simulations with the present method-
ology and then compared the experimental and numerical results.
Finally, the authors were able to find the results are in close agreement
and the methodology was validated. Wan et al [39] conducted experi-
ments and numerical (two-dimensional turbulent) investigation to
determine the blow-off limit of hydrogen flames in a micro-combustor
with bluff body for lean mixtures (equivalence ratios from 0.4 to 0.6).
The same analysis was repeated numerically using the current meth-
odology and the results are compared in Fig. 3. The results exhibit a
close agreement and resulted in a maximum error of 9.5 % compares
with experimental results as well as 4.8 % with the numerical results.

Table 1
Boundary conditions.

Boundary Conditions

Name Type Specification

Fuel inlet

Air inlet

Outlet
Combustor wall

Velocity inlet
Velocity inlet
Pressure outlet
Mixed boundary

Temperature — 300 K
Temperature — 300 K
Pressure — 1 atm
Convection and Conduction
No slip

Energy Conversion and Management: X 26 (2025) 101001

The close concurrence of the present results with the experimental and
numerical ones validates the current numerical set up and methodology
given the nature of the problem.

Additionally, the authors performed computations for the experi-
mental configurations given by Meyer et al. [54] (from TNF workshop).
The configuration is hydrogen-air non premixed jet flames (75 % Hy +
25 % Ny) in an air co-flow nozzle. The numerical radial variation of
temperature and O, mole fraction at different axial locations (x/D = 5
and 20) using the present methodology are compared with experimental
results in Fig. 4. The results are in close agreement and the maximum
error is found to be 10 %. Moreover, the trend of the plots at each sce-
nario matches well each other and hence the present numerical model is
able to predict diffusion flames reasonably well.

3. Results and discussion

Numerical simulations were performed for stoichiometric and lean
equivalence ratios starting at an inlet velocity (air) of 2 m/s and then it is
incremented at an interval of 2 m/s to study the flame stabilization
characteristics. Up to an inlet velocity of 6 m/s, the maximum Reynolds
number remained below 500, and therefore, a laminar flow model was
applied. However, at higher inlet velocities, due to the transformation of
flow behavior, turbulent model was adopted. In the first section, the
flame stabilization characteristics in the combustor in the laminar
regime have been discussed.

2.1. Laminar flame stabilization characteristics

2.1.1. Local and global mixing performance

The local mixing performance was analyzed by measuring and
comparing the local equivalence ratio at the central slot interface
(marked in Fig. 1 (ii)). The central slot interface plays a crucial role in
the micro-mixing phenomenon, as the flame stability completely de-
pends on the equivalence ratio at that location. To establish a criterion
for flame stabilization, numerical simulations were performed and
converged for non-reacting flow (cold condition) over an inlet air ve-
locity range of 2 to 6 m/s and various equivalence ratios. Then the
equivalence ratio at the central slot interface (¢jocal) Was measured and
plotted in Fig. 5 (i). The developed criterion for stable flames in the
laminar regime is that stable combustion occurs when the local equiv-
alence ratio at the interface (cold flow) lies within the range 7 < djpcal <
21, for global equivalence ratios of 1.0, 0.8, and 0.6.

Initially cold flow for all velocities (2-16 m/s) at each equivalence
ratio (0.6-1) was preformed and the value of local equivalence ratio at
central slot interface (@joca]) Was measured for each case and tabulated.
Then hot flow (combustion) was conducted for each case and checked
for flame stabilization. It was observed that for the cases where the value
of @local €xceeds 21(cold flow), the flame was blown off the combustor
(hot flow). The lowest value for @joc1 Obtained in the present study is 7'.
Subsequently the correlation between cold flow and hot flow was
formulated and 7 < @jocal < 21 was determined as the flame stabilization
criterion. The advantage of the criterion is that from cold flow itself, i.e.,
merely by running the cold flow and measuring @joca1, the flame stability
limits can be predicted. However, investigation of leaner mixtures may
lead to lower values of @jocal, Which requires further analysis to deter-
mine the stabilization regime.

The global mixing performance was investigated by introducing a
mixing coefficient (¢) which is calculated using the equation:

g —1- XH, lower wall (7)

XH2_ Centre axis

Non-reacting (Cold) simulations were performed at different inlet ve-
locities (keeping ¢y = 1.0 and 0.6) and the results are demonstrated in
Fig. 5 (ii). The condition where value of ‘¢’ is 0.2 is considered as the
criterion of sufficient mixing occurrence and the corresponding axial
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Fig. 3. Flame blow-off limit at lean equivalence ratios from 0.4 to 0.6 (a) Wan et al (Exp.)[39], (b) Wan et al (Num.)[39] and (c) Present work (Num.).

location is the mixing location [55]. As expected, the most efficient
global mixing performance was observed at the lowest velocity (Vi = 2
m/s, ¢pg = 1.0) havingé = 0.2 at the axial location of 26.6 mm from the
combustor inlet. Mixing performance deteriorated with an increase in
inlet velocity, as the axial location of sufficient mixing moved down-
stream and it reached 59 mm when the velocity was 6 m/s. To under-
stand the enhancement in mixing performance, ‘€’ for ¢; = 0.6 at the
same velocities were also plotted in Fig. 4 (ii), which demonstrates a
similar trend, but better compared to that of ¢4 = 1.0. This is due to the

lower fuel content in the mixture, which enhances the mixing perfor-
mance. The flame stabilization characteristics for the reacting flow is
being discussed in the next section.

2.1.2. Effect of inlet velocity and global equivalence ratio

The variation in flame structure and location with inlet velocity is
depicted in Fig. 6 (i) and (ii). Flame structure is represented by the heat
release rate (HRR), which was calculated by dividing heat of reaction by
cell volume (W/m3). For stoichiometric global equivalence ratio, a
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Fig. 6. Variation in flame structure with inlet velocity (a) Vi =

partially premixed flame structure attached to the bluff body tip was
observed even as the velocity was increased from 2 m/s to 6 m/s. Even
though the flame has been stretched downstream at higher velocities, it
was well anchored to the bluff body tip. Partially premixed flame is the
combination of a radially centered premixed flame and two diffusion
flame wings.

mass of material having its origin in the fuel stream
mass of mixture

Mixture fraction, Z =

_ MW, (Xn2 + Xn20 + 0.5 Xon + 0.5 Xno2 + Xu202)

Mwmix (8)

The value of stoichiometric mixture fraction was calculated to be 0.028
for hydrogen. As shown in the Fig. 5, stoichiometric mixture fraction line
denotes the location of diffusion flame front. As the velocity increases,
the inner premixed cone and the diffusion wings are significantly
stretched.

To further analyze the effect of inlet velocity at lean global equiva-
lence ratios (g = 0.6) on flame structure, HRR at different velocities (2
m/s and 6 m/s) are displayed in Fig. 5 (ii). Interestingly at an inlet ve-
locity of 2 m/s, a diffusion flame with two wings that is attached to the
bluff body tip was observed, as demonstrated in Fig. 6 (ii) (a). Addi-
tionally, a premixed flame was observed near the bluff body tip in the
fuel stream, as a result of partial premixing of air and fuel, which is
attributed to the high laminar burning velocity of hydrogen. Further-
more, as the velocity was increased to 6 m/s, the premixed reaction zone
reached the bluff body tip and the flame was transformed to a stretched
partially premixed flame. This phenomenon ensured that the flame
stability will be obviously improved, as the partially premixed flame
structure was formed at 6 m/s. The flame length at 6 m/s, ¢z = 0.6 was
significantly small (Fig. 6 (ii) (b)) compared to that of ¢z = 1.0 at same
velocity (Fig. 6 (i) (b)), which asserts the possibility of high stability
limits at low equivalence ratios. The formation of the reaction zone at
the micro-mixing slot exit can be explained by the temperature distri-
bution shown in Fig. 8 (i)(b). It is evident that the bluff body tip was
heated more than 1200 K. As the rich mixture, resulting from partial
premixing, reaches this high-temperature zone, it ignites immediately,
leading to the formation of the premixed flame. But due to the very low
amount of fuel at low equivalence ratios at low velocity, the reaction
occurred was weaker. The increase in velocity to 6 m/s, caused the
formation of the large reaction zone, which was reported as the

4 6 8 10 12 14 16 18
Axial distance (mm)

2 m/s and (b) Vair = 6 m/s at (i) gg = 1.0 and (ii) ¢z = 0.6.

stretched flame. However, the flame is anchored to the bluff body tip at
higher velocity due to the partial premixing which is attributed to the
unique combustor design.

Fig. 7 (i) and (ii) exhibits the trend in wall temperature distribution
along the combustor wall with respect to the variation in inlet velocity
and equivalence ratio. When the inlet velocity was increased from 2 m/s
to 6 m/s while maintaining a stoichiometric equivalence ratio, the
maximum wall temperature increased monotonically and the uniformity
in wall temperature improved, which is also reported in the experi-
mental investigation of a micro-combustor by Li et al [56]. At the stoi-
chiometric equivalence ratio, the maximum wall temperature ranged
from 1300 K to 1400 K. However, at an equivalence ratio of 0.6, this
temperature decreased to 1000 K to 1100 K, as shown in Fig. 7 (i).
Nevertheless, the uniformity in wall temperature has significantly
improved at lean equivalence ratios, which is a necessary attribute in
view of practical applications such as TEG etc. However, when the
equivalence ratio was varied keeping velocity constant at 2 m/s and 6
m/s respectively, the maximum wall temperature remained almost
same, but the wall temperature uniformity was improved as the velocity
increased as shown in Fig. 7 (ii). Most importantly, the uniformity in
wall temperature displayed significant improvement at higher inlet ve-
locities (6 m/s).

The variation in temperature contour on the combustor with respect
to equivalence ratio are presented in Fig. 8 (i) and (ii). At lower veloc-
ities (2 m/s) as the flame was more attached to the bluff body (as seen in
Fig. 6 (ii) (a)) and consequently significant hike in bluff body temper-
ature (>800 K) was observed, which is sufficient to initiate the com-
bustion reaction in the fuel stream near the bluff body tip itself.
Additionally, as the mixture became leaner (¢p; = 0.6), the premixed
flame front moved upstream, which is evident from the temperature
distribution on bluff body (Fig. 8 (i) (b) and (ii) (b). The upstream
displacement of the diffusion flame was realized by the displacement in
stoichiometric mixture fraction line. Even though at higher velocities
like 6 m/s, flame stretched downstream, it didn’t lift off the bluff body
tip as there was sufficient heat transfer from flame to bluff body as
displayed in Fig. 8 (i) (a) and (b). Furthermore, at 6 m/s and ¢z = 0.6
(Fig. 8 (i) (b)) the diffusion flame moved upstream as indicated by the
stoichiometric mixture fraction line.
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2.2. Turbulent flame stabilization characteristics

Turbulent model was adopted for V,;; > 8 m/s due to the higher
magnitude Reynold’s number (Re > 500). To understand the variation
in flame stabilization with inlet velocity and to develop a criterion with
non-reacting flow, local equivalence ratio at the central slot interface
was tabulated for stoichiometric and lean global equivalence ratios.
Inlet velocity was increased at the increment of 2 m/s starting from 8 m/
s and cold flow simulations were performed.

2.2.1. Turbulent local mixing performance

To establish a correlation between non-reacting and reacting flows
for flame stabilization, the local equivalence ratio (@inter) was calculated
for each combination of equivalence ratio and inlet velocity and the
results are plotted in Fig. 9. At an inlet velocity of 10 m/s, the cold flow
simulation didn’t converge and the value of @inter became very large,
indicating that flame had blown off the combustor. However, for lean
mixtures (pg = 0.8 and 0.6), at elevated velocities up to 14 m/s, cold

flow simulations converged and the value of @ineer Was observed to be
within the specified range. Furthermore, for g = 0.6, the simulations
converged up to an inlet velocity of 16 m/s. Interestingly, this criterion
aligned with that developed for laminar regime in earlier sections in this
article. However, the upper limit (@inter = 21) shall be refined after
determining the exact blow off limit of the combustor at ¢; = 1.0.
Further analysis is needed to be conducted to determine the stability
limits in terms of equivalence ratio and inlet velocity, which can lead to
the refinement of the criterion.

2.2.2. Effect of inlet velocity on flame stabilization

The effect of inlet velocity was investigated by presenting the flame
structure and temperature profile at inlet velocities 8 m/s and 16 m/s
and lean equivalence ratio, ¢z = 0.6. As shown in the Fig. 10 (i) (a) and
(b), the flame structure exhibits significant differences in terms of flame
length, the way it is attached to the bluff body etc. At an inlet velocity of
8 m/s, the flame is fully attached to the bluff body tip. However, at an
elevated velocity of 16 m/s, flame is partially attached to the bluff body
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tip, which indicates that flame is at the verge of lift-off. Additionally, the
flame got stretched by the increase of velocity as the flame exhibited
significant increase in length. The inner cone of the premixed flame was
extended by about 1 mm. Fig. 10 (ii) (a) and (b) show the variation in
temperature distribution with inlet velocity. While the bluff body tip
was heated to about 600 K due to the heat transfer from flame to bluff
body, no such heat transfer was observed at 16 m/s, which suggests the
possibility of lift-off with further increase in velocity. Furthermore, the
distinction in Zgyjc line denoted that although the diffusion flame wings
remained at same location, they were stretched significantly.

Flame index is a parameter used to recognize whether a flame is
premixed or non-premixed spatially [57]. The expression for flame
index (FI) is given as

VYF.VYO

ovirev ©)
IVYF[[VYo|

Flame index, FI =

When the magnitude of flame index is positive, the flame observed is
locally premixed, whereas when it is negative, the flame is non-
premixed. For instance, FI is plotted to analyze the flame structure in
Fig. 11 for the condition V,;; = 8 m/s and ¢g = 0.6, which indicates that
the flame is a combination of central premixed flame cone and two near
wall diffusion flame wings.

Fig. 12 demonstrates the trend in wall temperature distribution as
the velocity was increased from 8 m/s to 16 m/s (g = 0.6). The highest
wall temperature was observed at the highest velocity of 16 m/s, similar
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to the research by Zuo et al [58], but as far as uniformity was concerned,
8 m/s velocity performed significantly better compared to others with a
competing maximum temperature of 1000 K, which is sufficient for
practical applications like power generation using TEG module. There-
fore, for ¢g = 0.6, inlet velocity of 8 m/s shall be considered as the best
performer among all velocities, as the authors are keen to develop a
micro-power generator with the present micro-combustor by attaching
TEG module on the outer walls of the combustor.

2.2.3. Effect of turbulence on flame stabilization

The effect of turbulence on flame stabilization was analyzed by
examining the behavior of turbulent kinetic energy and velocity vectors
on HRR for two cases with the same velocity (V,i; = 12 m/s) at different
lean equivalence ratios (¢pg = 0.8 and 0.6) as shown in Fig. 13 (i) (a) and
(b). The flame is observed to be at the verge of lift-off at ¢y = 0.8 (Fig. 13
(i) (a)), as indicated by the inner cone length, stretched flame structure
and partial attachment to the bluff body tip. The higher magnitude of
turbulent kinetic energy (20 m?s~2) at an axial location of 18 mm
(comparing both cases) ensured better mixing of air and fuel in the
former case and the reaction is significantly influenced by turbulence.
However, in the latter case (¢g = 0.6), the reaction is more driven by the
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mixture leanness as rendered by the flame structure as shown in Fig. 13
(i) (b). The velocity vectors exhibit the same nature in both cases
nevertheless. Moreover, the highest magnitude of turbulent kinetic en-
ergy in the flame was observed to be 70 m%s~2 at @g = 0.8, while the
same for ¢z = 0.6 was found to be 30 m?2,

Fig. 13 (ii) (a) and (b) demonstrate the effect of turbulence on tem-
perature distribution, The temperature profile obviously denotes that
the flame front moved upstream as the mixture became leaner. The
higher magnitude of turbulent kinetic energy lines at the high temper-
ature zone in the former case signifies the relevance of turbulence.
However, the velocity vectors in both cases do not exhibit any signifi-
cant difference. Additionally, at higher temperatures, velocity vectors
are having higher magnitudes due to the movement of radicals. To have
a further insight into flame stabilization, the comparison of flames with
and without micro-mixing is explained in the next section.

2.3. Effect of micro-mixing on flame formation and stability limits

In order to understand deeper on flame stabilization through the
introduction of micro-mixing, a combustor with identical dimensions
without micro-mixing was modeled. Numerical simulations were then
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performed for the same velocity and equivalence ratio (Vi = 6 m/s, ¢g
= 0.6). Then the flame structure and temperature profile were compared
as depicted in Fig. 14 (i) and (ii) respectively. The primary difference
observed between Fig. 14 (i) (a) and (b) was the flame structure, as for
the former case there was only a diffusion flame while for the latter case
there was a partially premixed flame (combination of premixed cone
shaped flame and two diffusion flame wings) due to micro-mixing [59].
The secondary fact observed was flame anchoring. In the former case,
the flame was partially anchored to the bluff body tip which is a ten-
dency for lift-off. In the latter case flame was anchored completely to the
bluff body tip due to relatively low local equivalence ratio at the inter-
face. Furthermore, though the bluff body tip was heated to about 600 K
in both cases, for the latter case the heating was extended about 1.75
mm upstream from the bluff body tip. In the former case it was heated
for a length of about 3.5 mm, which subsequently enhanced flame sta-
bilization. To have a deeper understanding of this phenomenon, the
concentration of species, distribution of mixture fraction and tempera-
ture were plotted for the two cases (radial sections A-A and B-B as
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marked in Fig. 14 (ii) (a) and (b) respectively), in Fig. 15 (i) and (ii).

The trend in distribution of mixture fraction (Z), mole fraction of
species (Xon, Xu2 and X,2) and temperature across radial sections A-A
and B-B demonstrate significant difference each other. The magnitude of
mixture fraction (Z) became lower (0.1) for the combustor with micro-
mixing compared to that of the other combustor (Z = 0.5) due to the
partial premixing of air and fuel. Xy also showed a similar reduction
from 0.9 to 0.65 by the introduction of micro-mixing. The profile of X2
exhibited an increase at the center due to the micro-mixing. Addition-
ally, the maximum temperature magnitude of diffusion wings remained
same but the profile looked different due to the presence of premixed
flame.

Finally, the stability limit of the present combustor was compared
with the existing ones. But as the combustors vary in height and width,
they can’t be compared in terms of inlet velocity (blow-off limit). So, the
firing rate (in watts) of each combustor at the blow-off condition was
calculated. For the sake of comparison, the combustor width is assumed
equal (40 mm).
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Wan et al [39] and Fan et al [60] investigated the effect of a trian-
gular bluff body in rectangular combustors (Combustor height, H = 1
mm) and estimated the blow-off limits (52 and 36 m/s) for equivalence
ratios (¢g) 0.6 and 0.5 respectively, from which the firing rates were
calculated to be 4.52 and 2.70 W. Fan et al [61] also introduced a
semicircular bluff body (H = 1 mm) and determined the blow-off limit at
¢g = 0.5 as 43 m/s. The firing rate of the same was computed to be 3.22
W. Lee et al [62] presented the blow off limit (20.6 m/s) by utilizing a
square bluff body (H = 1 mm) keeping ¢¢ = 0.5 and the firing rate was
calculated to be 1.54 W. Li et al [28] studied the effect of a slotted bluff
body (H = 1.1 mm) on flame stabilization and revealed the blow-off
limit at ¢g = 0.6, from which the firing rate was calculated to be 3.25
W. Eventually, as the exact blow-off limit was not determined for the
present micro-combustors, the firing rates at lift-off condition (H = 4
mm) were estimated (¢pg = 0.6) as 2.43 and 6.26 W for the combustors
without and with micro-mixing respectively. The comparison study
revealed that even the lift-off firing rate of the present micro-mixing
micro-combustor exhibits a significant hike of 28 % compared to the
existing best combustor’s blow-off firing rate. Obviously, the difference
will be much higher when the exact blow-off limit is determined.
Moreover, as discussed in previous sections, the stability limit of the
present micro-mixing micro-combustor significantly improves as the
mixture gets leaner which indicates that higher blow-off firing rates are
possible at lower equivalence ratios.

4. Conclusion

The flame stabilization characteristics of a novel micro-mixing
micro-combustor were analyzed. The parameters such as mixing per-
formance, flame structure, flame stabilization, temperature distribution
and wall temperature distribution were investigated for both laminar
and turbulent flow regimes.

1. The local equivalence ratio at central slot interface (¢inter) (cold
flow) was observed to be a key factor in flame stabilization of the
present micro-combustor. The stable flame region was determined to
be within the range 7 < ¢inter < 21, which holds true for both laminar
and turbulent regimes. This criterion is highly relevant, as it allows
for the prediction of flame stability limits under cold flow conditions
itself.

2. For lean global equivalence ratios (¢pg = 0.6) at a velocity of 2 m/s,
the premixed flame was observed inside the bluff body (fuel stream)
and the diffusion flame was anchored to the bluff body tip. When the
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velocity was increased to 6 m/s the flame was transformed to a
partially premixed one which is a combination of premixed cone
flame and diffusion flame wings. The wall temperature uniformity
exhibited significant improvement as the mixture became leaner,
however the magnitude of maximum wall temperature diminished
by about 400 K for lean mixtures. For lean mixtures, due to the
elevated heat transfer from flame to bluff body, the bluff body
temperature increased significantly which subsequently enhanced
flame stabilization.

3. Due to the increase in critical Reynold’s number, turbulence model
was adopted for velocities greater than 6 m/s. Stable flames were
achieved for equivalence ratios 1.0 and 0.8 up to 8 m/s and 14 m/s
respectively although the exact blow off limits were not determined,
which is beyond the scope of the present study. However, ¢g = 0.6
was stabilized until 16 m/s with a slight indication of lift-off. The
study revealed that the present combustor design exhibits excellent
flame stabilization characteristics for lean mixtures. The flame
structure was more synchronized with turbulent kinetic energy lines
as the mixture became richer. The highest magnitude of turbulent
kinetic energy in the flame was observed to be 70 m?s 2 at pg=0.8,
while the same for ¢, = 0.6 was found to be 30 m?s~2,

4. The effect of micro-mixing on flame formation and the distinction
between diffusion and partially premixed flames were compared at
combustors with and without micro-mixing at an axial location right
downstream the bluff body tip and mixture fraction (Z) and mole
fraction of Hy (Xp2) exhibited significant decline of 0.4 and 0.25 due
to micro-mixing. Furthermore, even though the magnitude of tem-
perature remained same, temperature profile appeared different due
to the difference in flame structure.

5. The stability limit enhancement was analyzed by comparing the
blow-off firing rates of the existing combustors with that of the
present combustor. The results indicated a significant increase of 28
%, even when the lift-off firing rate of the present micro-combustor
was considered. Obviously, the difference will be much higher
when the exact blow-off limits are determined.
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